Objective: To investigate Epstein-Barr virus (EBV) oral shedding frequency and EBV genetic diversity in pediatric patients with multiple sclerosis (MS).
Epstein-Barr virus (EBV) has strong epidemiologic associations and biological plausibility in multiple sclerosis (MS) pathophysiology. 1 Serologic evidence of prior EBV infection is evident in 99% of adult-onset MS patients, exceeding the 95% seropositivity rate in the general adult populations living in the same temperate regions. 2 The seroprevalence of EBV is also higher in children with MS (85%-99%) than region-, age-and sex-matched healthy children (42%-72%). [3] [4] [5] Elevated EBV-specific antibody titers have been demonstrated in young adults sampled years before the onset of MS. 6, 7 EBV establishes lifelong persistence in memory B cells. 8 Differentiation of B cells into plasma cells initiates EBV reactivation from latency resulting in the release of virions into the peripheral blood and oral mucosa. 8 Further viral replication occurs in oropharyngeal epithelial cells and the virus is shed into the saliva. 9 EBV reactivation is typically controlled by EBV-specific T-cell responses, which ensure the EBV replicative (lytic) cycles are brief. 10 EBV gene products, such as viral interleukin (IL)-10 and latent membrane protein-1 (LMP-1), have been shown to exhibit immunomodulatory functions. [11] [12] [13] Building on our prior demonstration of a strong association between remote EBV infection and pediatric MS, 3, 5 and on the concept that MS may be influenced by host immuneviral interactions, we compare EBV viral shedding in saliva and genetic variation of BCRF1 and LMP1 genes between EBV-seropositive children with MS and EBV-seropositive agematched healthy children. We also analyze serologic evidence and viral shedding frequency for other common Herpesviruses.
METHODS Study participants. Children with relapsingremitting MS (RRMS) 14 were enrolled consecutively from the pediatric MS clinic at the Hospital for Sick Children, Toronto, Canada, from January 2009 through July 2011. The healthy control group comprised children with no known neurologic diseases or medical conditions recruited through community advertisement, frequency matched for age and sex with the MS participants.
Standard protocol approvals, registrations, and patient consents. The study was approved by the Research Ethics Board at the Hospital for Sick Children, and written informed consent was obtained from the parents or guardians and from the participants.
Biological sample collection and processing. Blood samples were collected from all participants at study entry and also at subsequent scheduled clinic visits for patients with MS. Blood specimens were processed at the Experimental Therapeutics Programs at the Montreal Neurological Institute (McGill University, Montreal, Canada) according to standard operating procedures. Aliquoted sera were stored at 280°C until analysis.
At enrollment, participants were taught oral swab collection techniques, which included swabbing the inner cheeks, the hard palate, and under the tongue, 3 to 5 times with a sterile nylon swab (Copan, Murrieta, CA). The swab was placed into a vial containing 1 mL of sterile saline solution and kept in the participants' home freezers until they were returned to our laboratory. Participants were instructed to collect mouth swabs once a month for 12 consecutive months.
For viral DNA isolation, the specimen tubes were vortexed for 30 seconds, and DNA was extracted using the QIAamp Blood Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Extracted DNA was stored at 220°C until analyzed.
Serologic analyses. All serologic determinations were performed blinded to clinical diagnosis in a licensed clinical microbiology laboratory at the Hospital for Sick Children. Immunoglobulin G (IgG) antibodies against EBV viral capsid (EBV-VCA), early antigen (EBV-EA), and nuclear antigen-1 (EBV-EBNA1) were measured using commercially available ELISA kits (DiaSorin, Stillwater, MN), per the manufacturer's instructions. An individual was classified as "remotely infected" if VCA IgG and EBNA IgG were detected, "recently infected" if VCA IgG and EA IgG (but not EBNA) were detected, and EBV naive if IgG against all 3 EBV antigens were absent.
Serum samples were analyzed for IgG antibodies against herpes simplex virus (HSV; Euroimmun, Lübeck, Germany), cytomegalovirus (CMV; Zeus Scientific, Raritan, NJ), varicella-zoster virus (Siemens Healthcare Diagnostics, Marburg, Germany), and human herpesvirus-6 (HHV-6; Abnova, Taiwan), according to manufacturer's instructions.
Detection of viral DNA in mouth swabs. HHV was detected by PCR in DNA isolated from the mouth swabs of participants with serologic evidence of prior infection with HSV, EBV, CMV, HHV-6, or HHV-7. 15, 16 Detailed description of the PCR methods employed is provided in appendix e-1 and table e-1 on the Neurology ® Web site at www.neurology.org.
Identification of EBV BCRF1 and LMP1 variants in mouth swabs. DNA sequence analyses of the EBV BCRF1 and LMP1 genes were performed with DNA extracted from mouth swabs collected from all EBV-seropositive participants. Amplification and sequencing of the full-length EBV BCRF1 gene was performed as described in appendix e-1.
Seven LMP-1 variants have been previously identified based on unique amino acid substitutions compared with the B95-8 prototype sequence. 17 To define the EBV LMP-1 variants present in the mouth swabs, a matrix-assisted laser desorption/ionizationtime of flight (MALDI-TOF) mass spectrometry approach, which allows for simultaneous detection of multiple viral genetic variants, was used. 18 The detailed protocol is provided in appendix e-1.
DNA sequence analysis. DNA sequence chromatograms were inspected and edited using FinchTV version 1.4.0 software (Geospiza Inc, Seattle, WA). DNA primers were designed using GeneRunner version 3.05 (Hastings Software Inc., Hastings, NY). Multiple DNA sequence alignments were performed using program CLUSTAL W 19 with default settings.
Statistical analyses. Sample size calculations were precluded by the paucity of data on EBV shedding. All pediatric patients with MS identified during the study period were included. Continuous variables were summarized as mean (standard deviation) or median (interquartile range) as appropriate. Categorical variables were described as frequency (%). Missing data were not imputed. The proportion of seropositive samples was compared between groups using x 2 or Fisher' exact tests. Continuous variables were compared between groups using Student t test. A p value , 0.05 was considered to be statistically significant.
RESULTS Participants. Twenty-two children aged 12-18 years (mean age 16.2 6 1.7 years) with RRMS and 77 children with no known neurologic or autoimmune diseases (mean age 14.9 6 2.5 years; range 8-18 years) were enrolled (figure 1). None of the participants had clinically apparent Herpesvirus infection during the study.
Baseline analyses. At study entry, 17 out of 22 (77.3%) patients with MS had serologic evidence for remote EBV infection compared to 35 out of 77 (45.5%) controls (p 5 0.008). Fourteen EBV-positive patient serum samples and 33 EBV-positive control samples were available for quantitative evaluation of anti-EBNA1 antibody titers. There was a trend for increased average anti-EBNA1 IgG titers among children with MS compared to healthy controls (p 5 0.08; figure e-1). None of the 14 patients with MS had anti-EBNA1 IgG titers in the lowest quartile, compared to 12 out of 33 (36.4%) healthy controls (p 5 0.009; table 1). Seropositivity rates of HSV, CMV, HHV-6, and HHV-7 did not differ between children with MS and healthy children (table 1) .
The presence of Herpesvirus DNA in these specimens was assessed in EBV-seropositive participants. Ten out of 17 patients (58.8%) had detectable EBV DNA in their mouth swabs compared to 7 out of 35 (20%) healthy controls (p 5 0.007). EBV type 1 was detected more frequently than EBV type 2 in both the MS (n 5 9, 90%) and control groups (n 5 6, 85.7%). Concurrent shedding of EBV type 1 and type 2 was not detected.
To exclude the possibility that pediatric EBVinfected patients with MS have a more generalized failure of host control of viral infection, we also analyzed viral shedding of HHV-6 and HHV-7 in the oral mucosa. HHV-6 and HHV-7 have similar biological properties to EBV, namely established latency in lymphocytes, and periodic lytic reactivation in oropharyngeal epithelial cells, leading to shedding of virions in the saliva. 20 We found 1 out of 17 (5.8%) patients with MS had detectable HHV-6 DNA in their mouth swabs compared to 8 out of 35 (22. Longitudinal analyses. To evaluate the frequency of EBV shedding over an extended period of up to 1 year, serial mouth swabs were requested from all participants, although not all children were compliant with the monthly protocol. Fifteen EBV-seropositive patients with MS and 22 EBV-seropositive healthy controls provided more than one mouth swab over the 12-month study period. Ninety-nine mouth swabs were obtained from 15 patients with MS and 160 swabs were obtained from 22 healthy controls during the follow-up period. The average number of serial samples obtained per patient with MS was 5.6 (median 4, range 3-12), and was 6.3 (median 5, range 2-12) per healthy control.
EBV DNA was detected in the mouth swabs of all EBV-seropositive children with MS at least once during the study period, with an overall weighted average detection rate of 50.5% (51 EBV-positive samples out of 99 samples; range 20%-100%). In contrast, the weighted average EBV DNA detection rate among healthy controls was 19.4% (31 EBV-positive samples out of 160 samples; range 0%-83.3%; p 5 0.01). Nine healthy controls (who provided 49 samples) did not shed EBV during the entire study period. Patients with MS demonstrated a consistently higher frequency of EBV detection in mouth swabs as compared to healthy controls, irrespective of the number of serial samples provided (figure 2). EBV type 1 was shed more often than EBV type 2 in both patients with MS (44 out of 51 EBV-positive samples; 85%) and healthy children (28 out of 31 EBV-positive samples; 90%), although one patient with MS (MS-02) and one healthy control (C-02) consistently shed only EBV type 2 throughout the study period. Temporal changes in the predominant EBV subtypes were observed in 2 patients with MS (MS-01 and MS-08), but in none of the healthy controls. Type I interferons (IFNs), including IFN-b, are important for the control of viral infections. To assess the effect of IFN-b on human Herpesvirus oral shedding, we compared HHV oral shedding frequencies in patients with MS who were undergoing IFN-b therapy (n 5 7; 49 serial samples) to patients who were on other immunomodulatory therapies or not on any treatment (n 5 8; 50 serial samples) during the study period (table 1). The overall average EBV shedding frequency among patients with MS treated with IFN-b (43.0%) did not differ from the patients with MS who were not on IFN-b treatment (51.0% p 5 0.54). There was no difference in the average figure e-3A) . Three amino acid substitutions were identified (Arg3Gln, Val6Met, Gly23Ser), all of which were located within the signal peptide of ebvIL-10 (amino acid residues 1-25), while 4 silent nucleotide changes (a9787g, g9848a, c9980a, c10020t) were present in the mature ebvIL-10 protein. The most common single nucleotide base change, c9980a, was present in 4 of the 6 BCRF1 sequence variants, 2 of which also carried at least 1 of the 3 amino acid substitutions. We did not identify any MS-specific nucleotide polymorphism within the BCRF1 (ebvIL-10 sequence). Five out of 15 (33%) patients with MS and 1 out of 14 (7%) healthy controls were infected with more than 1 EBV BCRF1 genetic variant. Distinct LMP-1 variants can be distinguished by amino acid signature patterns at the carboxy terminus. 17 Using a MALDI-TOF mass spectrometry approach, 18 we identified 4 LMP-1 variants in the mouth swabs of patients with MS and controls (figure e-3B). Two patients with MS, but none of the controls, had more than 1 LMP-1 variant detected in serial samples. DISCUSSION Our primary objective was to explore whether pediatric patients with MS differ from Epstein-Barr virus (EBV) DNA positivity rates in serial mouth swabs obtained from EBV-seropositive pediatric patients with multiple sclerosis and matched healthy controls Serial mouth swabs were collected on a monthly basis for up to 1 year. The overall EBV DNA positivity rate in the serial samples obtained from patients with multiple sclerosis (MS) was consistently higher than in those obtained from healthy controls (HC), irrespective of the number of serial mouth swabs provided per participant.
healthy children in relation to EBV-specific biology. First, we confirm a higher seroprevalence for remote EBV exposure, but not for other common Herpesviruses in pediatric patients with MS relative to healthy children. 3, 5 We also demonstrate a difference in the distribution of anti-EBNA1 titers, with healthy children being more likely to have low titers. Furthermore, we show for the first time that patients with pediatric-onset MS are more likely to have detectable EBV DNA in their saliva compared to EBV-seropositive healthy children, and that this is consistently observed on serial evaluations. The increased frequency of EBV shedding in children with MS does not reflect a more generalized impairment in control of chronic viral infection, as demonstrated by the similar shedding frequencies of HHV-6 and HHV-7 in EBV-seropositive patients with MS and healthy children. Prior reports of a lack of difference in EBV DNA load in the plasma and peripheral blood mononuclear cells of patients with MS and that of healthy controls also argue against a generalized impairment of immune control of EBV infection in patients with MS. 21 The antiviral nature of IFN-b prompted us to evaluate whether treatment of patients with MS influenced our findings. We observe no difference in EBV, HHV-6, or HHV-7 shedding frequencies among patients with MS treated with IFN-b as compared to patients with MS not exposed to IFN-b. However, given the small sample size, this finding should be interpreted cautiously.
There is very limited data on EBV oral shedding in children. Previous cross-sectional studies have reported that EBV was detectable in the saliva of 38% of 93 healthy EBV-seropositive children (age range, 0-6 years) in Japan, 22 and in 50% of healthy pediatric controls in Germany (n 5 14; age range, 1.5-15.8 years), 23 compared to our finding of 50% detection rate in patients with MS and 20% detection rate in healthy controls. In healthy individuals, the level of EBV oral shedding does not appear to be correlated with the level of latently infected memory B cells, 9 but is most likely to be governed by the efficacy of host immune responses. It was recently suggested that diminished functional capacity of EBV-specific CD81 T cells rather than decrease in the number of EBV-specific CD81 T cells might facilitate the reactivation of EBV in healthy individuals. 24 Deficits in interferon-g secretion and IL-2 production by human leukocyte antigen (HLA)-B7restricted EBV-specific CD81 T cells have recently been reported in patients with MS. 21 Impaired host control of EBV lytic cycle is suggested by our finding of higher shedding frequency, but also by the observation that children with MS shed a broader range of EBV variants over time compared to controls. Coinfection with EBV type 1 and type 2 was recently shown to be higher in adult patients with MS (n 5 75, 90% coinfected) compared to healthy controls (n 5 186; 37%; p , 0.001). 25 Our inability to identify MS-associated genetic variations within the BCRF1 (encoding ebvIL-10) and LMP1 genes in pediatric patients with MS is consistent with findings in studies in which EBV genetic variation (in the EBNA1, BRRF1, LMP2A, BHRF1, and LMP1 genes specifically) was evaluated in adult patients with MS, without detection of specific EBV mutations in the MS cohort. 26, 27 However, further research may be warranted given evidence that EBV genetic variations may influence cellular immune responses towards EBV. 28 Of interest, ebvIL-10 is a viral homolog of hIL-10. Structural differences between hIL-10 and ebvIL-10 result in different binding affinities to IL-10 receptors, and altered signaling properties. 12 ebvIL-10 modulates hIL-10 activities in vitro and may downregulate the production of hIL-10, 11, 12 though the in vivo functional consequences of ebvIL-10 secretion on human IL-10-mediated responses have not been elucidated. Reduced serum hIL-10 levels have been reported in patients with MS compared to healthy controls. 29, 30 Earlier studies showed that amino acid substitutions within the hIL-10 signal peptide resulted in decreased protein secretion. 31 Given the sequence similarity between hIL-10 and ebvIL-10, changes in the signal peptide of ebvIL-10 could also have an effect on ebvIL-10 protein translocation or signal peptide production. Furthermore, the HLA-B27-restricted epitope (RRLVVTLQC; amino acid positions 3-11) is located within the signal peptide sequence of BCRF1, 32 and changes in the epitope sequence, such as the 2 amino acid substitutions that we identified (Arg3Gln, Val6Met), may impact recognition of EBV-infected cells by cytotoxic T cells. EBV LMP-1 is another example of an EBV-encoded immunomodulatory protein. LMP-1 functionally mimics the CD40 receptor that is critical for B-cell activation and proliferation. 13 Unlike CD40, LMP-1 is constitutively activated independent of ligand binding, resulting in enhanced B-cell activation. 13 It has been proposed that LMP-1 may work together with ebvIL-10 to facilitate EBV replication and reactivation. 12 Variations within LMP1 may result in different biological and signaling properties. For example, several LMP-1 variants demonstrate enhanced NF-kB signaling, which modulates gene expressions mediating the innate and adaptive immune responses in vitro. 33 As we were unable to obtain blood specimens from our study participants on a monthly basis, a limitation of our study was that we could not assess the relationship between viral DNA in the mouth swabs and in peripheral blood. Detection of EBV DNA in saliva is positively correlated with detection in peripheral blood during active replication 34 ; however, the prevalence of EBV strains may be different in these 2 sites, 35 and may reflect selective tissue tropism of viral strains. 36 With increasing availability of nextgeneration sequencing, whole-genome analysis of EBV strains isolated from patients with MS will likely provide greater insights into whether genetic variation in the EBV genome is associated with MS, or whether the potential biological impact of EBV in MS is independent of EBV genetics but perhaps related to host immune responses to EBV.
We show that children with MS are more likely than healthy children to experience frequent reactivation of EBV but not of other latent Herpesviruses, suggestive of selective impairment in the immunologic control of EBV lytic cycle in the oral mucosa. Further study of EBV-relevant immune cell responses in pediatric patients with MS appears warranted.
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